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Abstract

Background: Peanut allergy is a type-| hypersensitivity inmune reaction mediated by
the binding of peanut allergens to IgE-FceRI complexes on mast cells and basophils
and by their subsequent cellular degranulation. Of all major peanut allergens, Ara h 2
is considered the most anaphylactic. With few options but allergen avoidance, effec-
tive treatment of allergic patients is needed. Passive immunotherapy (herein called
PIT) based on prophylactic administration of peanut-specific monoclonal antibodies
(mAbs) may present a promising treatment option for this under-served disease.
Method: Fully human recombinant anti-peanut IgG mAbs were tested in mice sensi-
tized to peanut allergen extract. Allergic mice received intravenous immunotherapy
with anti-peanut Ara h 2-specific IgG1 or IgG4 mAbs cocktails, and were then chal-
lenged by a systemic injection of high-dose peanut allergen extract. The protection
from allergic anaphylaxis was measured by monitoring the core body temperature.
Results: PIT with peanut-specific mAbs was associated with a significant and dose-
dependent reduction of anaphylactic reactions in peanut-sensitized mice challenged
with peanut allergen extract. Complete protection was observed at doses approxi-
mately 0.3-0.6 mg mAbs. Mixtures of mAbs were more effective than single mAbs,
and effective treatment could be obtained with mAbs of both IgG1 and IgG4 sub-
classes. The therapeutic effect of anti-Ara h 2 mAbs was based on allergen neutraliza-
tion and independent of the Fcy receptor and mast-cell inhibition.

Conclusion: This is the first report that shows that human-derived anti-peanut mAbs
can prevent allergic anaphylaxis in mice. The study demonstrates that neutralizing
allergenic epitopes on Ara h 2 by mAbs may represent a promising treatment option

in peanut-allergy.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Allergy published by European Academy of Allergy and Clinical Immunology and John Wiley & Sons Ltd.
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GRAPHICAL ABSTRACT

Anti-Ara h 2 1gG1/1gG4 mAbs from peanut-allergic patients were cloned and recombinantly produced. Preclinical testing was performed in
peanut-sensitized mice receiving passive immunotherapy prior to an allergen challenge. Anti-Ara h 2 mAbs prevent allergic anaphylaxis by
neutralizing peanut allergens before they bind to IgE and induce a FceRI-mediated degranulation of mast cells and basophils.
Abbreviations: AUC, area under the curve; FceRl, Fc epsilon receptor I; Ig, immunoglobulin; mAbs, monoclonal antibodies; PIT, passive

immunotherapy; temp., temperature

1 | INTRODUCTION

Peanut-induced food allergy is a major health issue with increasing
prevalence among children.3 Allergic reactions include anaphylaxis
and occur when allergen binds IgE-FceRI complexes on the surface
of mast cells and basophils. The resulting cross-linking of FceRI re-
ceptors triggers cellular degranulation with release of mediators,
example, histamine and sulfidoleukotrienes.* Seventeen peanut al-
lergens have been described (www.allergen.org). Of these, Ara h 2
is immunodominant® and recognized by more than 90% of peanut-
allergic patients.®® Ara h 2 sensitization has been shown to be asso-
ciated with systemic reactions including anaphylaxis.”

Management of peanut allergy is primarily based on dietary
avoidance, but peanut storage proteins are typically heat stable and
frequently contaminants of foods.'® Even small amounts of peanuts
can cause severe anaphylaxis.!? Allergen immunotherapy (AIT) by
subcutaneous administration of peanut allergen extract has been
performed, but stopped due to high frequency of severe adverse
events, including death.*?*® Oral allergen immunotherapy (OIT) was
recently approved for children and adolescents and shall induce im-
mune tolerance by the administration of increasing doses of pea-
nut proteins.’* One mechanism of AIT involves the stimulation of
allergen-specific IgG antibodies that neutralize allergen and block
allergen binding to IgE.*>"” In patients undergoing peanut OIT*8-2°

or otherwise tolerant, %122

increased allergen-specific IgG4 and re-
duced IgE levels were reported, and increased IgG4-IgE ratios were
observed for antibodies targeting a single Ara h 2 epitope.19 Since

oral tolerance induction to foods is mostly transient, continued OIT

is required, and severe adverse reactions may be expected,?® making
new therapeutic approaches an urgent need.

Given the safety risks of peanut AIT, passive immunotherapy
(PIT) by administration of peanut-specific IgG antibodies represents
a promising treatment alternative for peanut-allergic patients. It is
expected that antibodies can mediate immune protection via neu-
tralization of the allergen, thereby preventing its IgE binding and
subsequent triggering of mast cell and basophil degranulation.z“'26
In addition, IgG can potentially bind the inhibitory receptor FcyRIIb
and inhibit the activation of effector cells.?#2"2¢ So far, monoclo-
nal antibodies (mAbs) specific for cat dander?’ or birch pollen?%:2%3¢
allergens are in clinical development. We currently develop mAbs
for treatment of peanut allergy. The fully human mAbs are targeting
Ara h 2, and for selection of most promising candidates, the current
study tested the therapeutic efficacy of anti-peanut mAbs in mouse

models of peanut-allergic anaphylaxis.

2 | MATERIALS AND METHODS

2.1 | Peanut-specific monoclonal antibodies

Molecular cloning of antibodies specific to peanut allergens is de-
scribed in the supplemental materials (Appendix S1). Briefly, B cells
from peanut-allergic patients were isolated and tested for anti-Ara
h 2 antibodies. Single cells were isolated, and the variable regions
were cloned into expression vectors containing 1gG1, 1gG4, and
kappa or lambda human constant regions. Subsequently, antibodies
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were produced recombinantly in HEK cells and purified via protein A
affinity columns. Single peanut allergen-specific mAbs, recognizing
different regions of Ara h 2, were named MY-mAb-1, MY-mAb-2,
MY-mAb-3, and MY-mAb-4. Quadruple mixtures of the same mAbs
were named MY-4-IgG1 or MY-4-1gG4, depending on the immuno-
globulin subclass.

2.2 | Mice

Female C3H/HeNHsd (C3H), and BALB/cOlaHsd (BALB/c) mice
were purchased from Envigo (Horst, NL) and used at age 6-10 weeks.
All animals were kept under specific pathogen-free conditions at the
Biologische Zentrallabor (BZL), University Hospital Zurich, and at the
Laboratory Animal Services Center (LASC), University of Zurich, in
individually ventilated cages, at 21°C, with a 12-12 h light-dark cycle,
and with free access to water and chow. All the experimental pro-
cedures were approved by the cantonal veterinary office in Zurich
(authorization: ZH 182/2018 and ZH 042/2019) and performed in

accordance with Swiss animal law and regulations.

2.3 | Peanut allergen sensitization and allergic
challenge of mice

C3H mice were actively sensitized by four weekly (days 0, 7, 14, and
21)intraperitoneal injections of 4.2 ug peanut allergen extract (PRICK-
TEST Arachis hypogea Los. Allergopharma, Reinbek, DE) absorbed
on 150pg aluminum hydroxide (Alhydrogel, InvivoGen; San Diego,
US-CA\) in a total volume of 50l with PBS (Figure 2A). Blood was
collected via the tail vein for testing of peanut allergen-specific anti-
bodies. Alternatively, BALB/c mice were passively sensitized by adop-
tive transfer of peanut-specific antiserum. Briefly, cardiac blood was
collected from actively sensitized C3H mice on day 49, and 100l of
a serum pool was intravenously injected into recipient BALB/c mice.
Sensitized mice were challenged intraperitoneally with 1 mg of
an in-house preparation of peanut protein extract (PE) contained in
100pl PBS. The peanut proteins were extracted from Golden Peanut
and Tre Nuts (Alpharetta, Georgia, US-GA); the PRICK-TEST and the
in-house PE are described in Figures S1-S2. The anaphylaxis was
monitored by measuring the core body temperature with a digital
Thermalert TH-5 thermometer with RET-3 probe (Physitemp, Huron,
US-NJ), typically every 20-30min for a period of 2h. Temperature-
time curves were integrated and the area under curve (AUC) indi-
cated as a measure for anaphylaxis, the baseline for the AUC curve

being the pre-challenge body temperature.
2.4 | PIT with mAbs in a model of systemic peanut
anaphylaxis

Actively sensitized mice were treated by intravenous injections of
single peanut allergen-specific mAbs provided by Mabylon AG and

named “MY” (MY-mAb-1, MY-mAb-2, MY-mAb-3, and MY-mAb-4) or
a quadruple mixture of the same mAbs approximately 4 weeks after
last sensitization. While single mAbs were tested only on an IgG1
subclass backbone, both IgG1 (MY-4-l1gG1) and 1gG4 (MY-4-1gG4)
mixtures were tested. The utilized doses of mAbs were 0.15mg to
5 mg per animal (corresponding to 7.5 to 250 mg/kg). In selected ex-
periments, peanut allergen-sensitized mice were sham-treated with
1gG1 or IgG4 isotype mAbs. To test if peanut-specific mAbs also act
on the inhibitory receptor FcyRIIb, sensitized mice were treated with
genetically mutated 1IgG1 mAbs that were unable to bind Fcy recep-
tors (MY-4-1gG1,. ). To test the potential of peanut-specific mAbs in
preventing peanut-specific anaphylaxis, sensitized and treated mice
were challenged intraperitoneally 3 h to 3days later with peanut pro-
tein extract as described above. Passively sensitized BALB/c mice
were typically treated the same day of sensitization with peanut-
allergen-specific mAbs then challenged 1-3days later with peanut
protein extract. Naive non-sensitized and untreated mice were used
as negative controls.

2.5 | Pharmacokinetics of monoclonal antibodies
in mice

The kinetics of anti-peanut mAbs was measured in mouse serum
over 4weeks after intravenous administration of 0.5 mg of MY-4-
IgG1 mAbs. The concentration of the human antibody in mouse
serum was determined by sandwich ELISA. Plates were coated over-
night with 1 pg/ml donkey anti-human IgG (#709-005-149, Jackson
ImmunoResearch, West Grove, US-PA) in carbonate buffer at pH 9.6,
blocked with 5% Milk in PBST, and serial dilutions of mouse sera were
added. Following incubation with peroxidase-conjugated goat anti-
human Fcy-specific IgG (#109-035-098, Jackson ImmunoResearch,
1:4000), the plates were developed with streptavidin-HRP and TMB
and analyzed as described (Appendix S1).

Immunogenicity of the therapeutic mAbs were also tested in the
same serum samples. The plates were coated with 1 pg/ml MY-4-
1gG1 mAbs, blocked with 5% milk PBST, and incubated with serial
dilutions of mouse sera. Mouse anti-human IgG1 were detected with
biotin-labeled goat anti-mouse IgG1 (#ab97238, Abcam, Cambridge,
UK), and the plates developed as described above.

2.6 | Statistics

Statistical analysis was performed with GraphPad Prism 8.
Differences between two groups were calculated using non-
parametric, two-tailed Mann-Whitney U tests. Time-temperature
curves in the anaphylaxis model were integrated to calculate the
area under the curve (AUC) relative to the baseline temperature.
One-way ANOVA with Dunnet's or Tukey correction for multiple
comparison or two-way ANOVA were applied to calculate the dif-
ferences between groups and between treatments. Dose-response
curves were analyzed with two-tailed, unpaired t test with Welch's
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correction. Significant differences were annotated with exact p
values or with asterisks: p<0.01: **; p<0.001: ***; p<0.0001: ****,
Means with SD, SEM or geometric means with 95% confidence in-

tervals are indicated.

3 | RESULTS
3.1 | Antibody binding to Arah 2

Sequential binding experiments using biolayer interferometry (BLI),
suggested that a cocktail of four different mAbs can bind a single
Ara h 2 molecule simultaneously (Figure S2). The fast k,, and slow
k¢ rates, suggested a high dissociation constant KD on nAra h 2 for
all mAbs. These results were corroborated by detailed affinity de-
termination in surface plasmon resonance, with all mAbs exhibiting

sub-nM KD values (data not shown).

3.2 | Anti-peanut mAbs block IgE binding to Arah 2
in vitro and prevent degranulation of basophils

One of the hypothesized mechanisms of action of the therapeutic
mADbs is the neutralization of Ara h 2, which inhibits IgE crosslinking
on the surface of granulocytes thereby blocking degranulation and
subsequent allergic reactions (Figure 1A). To determine if the fully
human peanut-specific IgG1 mAbs could compete with murine IgE in
binding the major peanut allergen Ara h 2, a competitive ELISA was
carried out. Single or combined anti-peanut IgG1 mAbs (MY-mAb-1,
MY-mAb-2, MY-mAb-3, MY-mAb-4) binding to non-overlapping
epitopes were tested, and IgE binding inhibition was indeed ob-
served for all mAbs (Figure 1B). The percentages of inhibition for
the individual anti-peanut mAbs were 12.5% for MY-mAb-3, 19.4%
for MY-mAb-4, 24.9% for MY-mAb-2, and 41.4% for MY-mAb-1. For
mixtures of two mAbs, the inhibition increased to levels between
34.9% (MY-mAb-2 & MY-mAb-3) and 66.7% (MY-mAb-1 and MY-
mAb-4). Mixtures of three mAbs further improved the inhibition
of IgE binding (48.2% to 64.2%). The strongest inhibition (76.3%)
was obtained with MY-4-1gG1, a mixture of all the four IgG1 mAbs
(Figure 1B), and the inhibition was dose dependent (Figure 1C). In
contrast, the isotype control (targeting irrelevant exogenous target)
did not interfere with the binding of Ara h 2 to murine IgE (data not
shown). When basophil cells (RBL-2H3) were sensitized with mouse
serum and challenged with peanut allergens in the presence of anti-
peanut MY-4-1gG1, treatment with MY-4-1gG1 prevented degranu-
lation and leukotriene release (Figure 1D).

3.3 | Antibody response and anaphylactic reactions

In the utilized C3H allergy model (Figure 2A), sensitization pro-
duced high titres of anti Ara h 2-specific IgE (Figure 2B) and IgG1

(Figure 2C), with the average reciprocal titres on day 49 being 217
and 8.7x10° respectively. Specific IgE and 1gG1 were not detect-
able 7 days after the first sensitizing injection. A systemic challenge
at day 49 with peanut protein extract triggered severe hypothermia
(Figure 2D) as well as clinical signs of anaphylaxis (orbital tighten-
ing, reduced self-grooming, piloerection, hunched posture, reduced
mobility and reactions to handling and sounds; results not shown) in
sensitized mice. When calculating the temperature-time integral, a
highly significant hypothermia was measured in sensitized as com-

pared to naive mice (Figure 2E).

3.4 | Dose-dependent protection from allergic
anaphylaxis in mice treated with a cocktail of four
anti-peanut mAbs as IgG1 or 1IgG4

The therapeutic potential of fully human peanut-specific mAbs was
tested in mouse models of allergic anaphylaxis. Sensitized C3H mice
were treated by intravenous injection of individual anti-peanut IgG1
mAbs and then 3days later challenged with peanut protein extract
by intraperitoneal injection. Single IgG1 mAbs partially reduced al-
lergic anaphylaxis as compared to untreated mice (not shown). When
targeting four peanut-allergen epitopes, immunotherapy with 5 mg
(250mg/kg body weight) MY-4-1gG1 prevented allergic anaphy-
laxis (Figure 3A). The hypothermic reactions were statistically lower
(p<0.0001) as compared to the untreated mice, and not different
from non-sensitized mice (p>0.05). The average AUC for the time-
temperature integral was measured and revealed an 89.5% reduction
in the treated group (AUC = 74 + 28) compared to the untreated mice
(AUC = 701 +75). Non-sensitized and untreated mice were used as
negative controls and showed only weak background hypothermia
(AUC = 15+3). As illustrated in Figure 3B, a dose-response effect
of MY-4-IgG1 on anaphylaxis was observed (p <0.0001 by t test and
Welch's correction) with mice receiving 0.625mg (31.25mg/kg) or
more of the anti-peanut IgG1 mAbs being protected from experi-
mental anaphylaxis (p <0.0001 by one-way ANOVA with Dunnett's
corrections for multiple testing).

In patients that naturally outgrow IgE-mediated food-allergies
or receiving conventional non-foods subcutaneous or sublingual
AIT, IgG4 antibodies are usually increased. IgG4 possess specific
non-inflammatory properties and cannot activate complement.
We therefore tested MY-4-1gG4, consisting of four fully human
IgG4 mAbs with the same specificity as MY-4-1gG1. At 1.25mg
(62.5 mg/kg) and 0.625mg (31.25mg/kg), 1gG4 antibodies re-
duced anaphylaxis by 88.6% (p <0.001) and 91.1% (p <0.001), re-
spectively, as compared to untreated sensitized mice (Figure 3C).
An 80% (p<0.001) reduction of anaphylaxis was observed with
0.3125mg (15.625mg/kg) MY-4-1gG4, while 0.1563 mg (7.822 mg/
kg) reduced anaphylaxis by 61.2% (p <0.01). An isotype 1gG4 an-
tibody directed against irrelevant target was tested at 1.25mg
(62.5 mg/kg) and did not protect peanut-sensitized mice from

anaphylaxis.
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FIGURE 1 Anti-peanut IgG mAbs (A)
compete with murine IgE for the IgE O
binding of Ara h 2 and prevent cellular 9
degranulation. (A) Possible mechanisms by
which peanut-specific mAbs can prevent
FceRI-mediated degranulation of effector
cells include allergen neutralization,
preventing allergen binding to IgE on

dependent inhibition of effector cells
degranulation. (B) Competition of

mouse IgE with individual or different
combination of 12,000 ng/ml of anti-
peanut mAbs (MY-mAb-1, MY-mAb-2,
MY-mAb-3, MY-mAb-4) were tested.
Orange: one mAb. Light blue: two mAbs.
Green: three mAbs. Pink: four mAbs. The
percentage of IgE binding inhibition to
Ara h 2 is indicated on the y axis. (C) The
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3.5 | The in vivo half-life of the MY-4-IgG1 mAbs
correlates with the development of murine anti-
human antibodies

Immunotherapy with MY-4-1gG1 resulted in abrogation of severe al-
lergic reactions from 3 h to 14 days after treatment, while no protec-
tion was observed 22days after immunotherapy (Figure 3D). This
result coincided with the decay of mAbs in blood (Figure 3E). One
day after the i.v. injection of 0.5 mg (25 mg/kg) MY-4-1gG1, approx.
110 pg/ml human IgG antibodies were detected in the serum. By day
4, a 32.9% reduction was measured (74 pg/ml), and the plasma con-
centrations remained stable for the following 3days. On days 14,
20, and 27, the concentrations of human antibodies were reduced
to approx. 29, 14, and 7pug/ml, respectively, suggesting a half-life

of approx. 6-7days. Mice receiving the human anti-peanut mAbs

1024 4096 16384

MY-4-19G1 (ng/ml)

developed murine anti-human antibodies from day 20 onwards
(Figure 3F).

3.6 | Immunotherapy with anti-peanut mAbs
prevents anaphylaxis in a murine model of passive
sensitization

The therapeutic effect of MY-4-1gG1 was also observed in pas-
sively sensitized mice (Figure 3G). Passively sensitized mice re-
acted to the challenge with hypothermia and clinical signs of
anaphylaxis within 20-40min, while immunotherapy with MY-4-
IgG1 protected all mice from severe anaphylaxis (p <0.001). PIT
with MY-4-1gG1 mAbs (AUC = 79 +6) reduced hypothermia by

78.1% as compared to sensitized and challenged mice that did not
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FIGURE 2 Allergen-specific antibodies titres and anaphylaxis in
an actively sensitized mouse model for peanut allergy. (A) C3H mice
(n = 8) were sensitized by four weekly injections of peanut allergen
extract (arrow, PE sensitization) absorbed to aluminum hydroxide.
Blood was collected on day 7 and 49 and Ara h 2-specific IgE (B)
and IgG1 (C) antibody titres were measured by ELISA (statistics
were done using Mann-Whitney U tests). Four weeks after
sensitization, the mice were challenged with peanut protein
extract (arrow, PE challenge) and effect on core body temperature
was measured every 20-30min for 120 min. Hypothermia is a
hallmark of systemic anaphylaxis. Body temperature is shown as
temperature curves (D) and integrated area under the curve (AUC,
Mann-Whitney U tests; E). Non-sensitized (Non sens.) mice were
used as negative controls. Antibodies titres are represented as
geometric mean with 95% CI. Temperature curves are indicated as
mean=+SD and AUC as mean+SEM. ****p <0.0001.

receive PIT (AUC = 360 +47), while challenged naive mice showed
no anaphylaxis (AUC = 29 +4).

3.7 | Protection from anaphylaxis is mainly
mediated through allergen-neutralization and not
inhibitory FcyR receptors

To evaluate if the protection from anaphylaxis was also mediated by
the activation of the inhibitory receptor FcyRIlb, we compared the
Fc-receptor binding capacity (method described in Appendix S1) as

well as the therapeutic efficacy of MY-4-IgG1 to that of a mixture
of four anti-peanut mutant IgG1 (MY-4-1gG1,, ) unable to bind to
Fc receptors on the surface of effector cells. While a complex of
MY-4-IgG1 and Ara h 2 could bind FcyRIIb in vitro, the Ara h 2 com-
plex with the mutated isoform 1gG1, . was unable to bind to FcyRIIb
(Figure 4A). Moreover, the treatment of sensitized mice with MY-4-
IgG1 ¢, was highly effective (One-way ANOVA, p <0.0001) and not
inferior (p <0.0001) to treatment with native MY-4-1gG1 with regard
to the prevention of anaphylactic hypothermia upon challenge with

peanut protein extract (Figure 4B).

4 | DISCUSSION

We tested the immunotherapeutic potential of fully human anti-
peanut mAbs in two mouse models of allergic anaphylaxis. The pro-
phylactic administration of a cocktail of four non-competing IgG1
or IgG4 antibodies targeting the major peanut allergen Ara h 2 was
highly effective. In general, mixtures of mAbs directed toward dif-
ferent peanut allergen epitopes show a higher therapeutic potential
than single mAbs.

The first demonstration of the success of passive immunother-
apy dates back to 1890 with the transfer of anti-diphtheria and anti-
tetanus antisera from immunized to naive individuals.3? Later, it
was shown that human serum contains IgG antibodies that could

3334 in a dose-

neutralize allergens and prevent allergic reactions
dependent manner.* Today, PIT with specific antibodies is approved
for the treatment of toxins and viral infections.®*"%” Recently, PIT
with blocking IgG against the immuno-dominant cat allergen Fel d 1
was proven effective in preventing allergic reactions in mice.?® PIT
with allergen-specific antibodies also increased the IgG/IgE ratio
and was effective in the prevention of allergic reactions in a mouse
model of pollen aIIergy.26 Compared to polyclonal antibodies, mAbs
enable higher specificity for the antigen, a standardized potency as
well as controlled manufacturing.38 However, while naturally pro-
duced polyclonal antibodies have multiple epitope specificities,>3’
mAbs are targeting one epitope only.>’ This potential deficit can
be overcome by using a cocktail of mAbs binding non-overlapping
epitopes.38

Ara h 2 is considered to be a very potent activator of sensitized
effector cells,® and studies reported that neutralization of Ara h 2
with human anti-Ara h 2 monoclonal IgG was effective in inhibit-
ing IgE-FceR| cross-linking in vitro assays*® and that PIT with murine
anti-Ara h 2*! or vaccination of mice with Ara h 2 protein*? could
prevent allergic reactions in vivo. Accordingly, we demonstrated that
targeting Ara h 2 with fully human mAbs prevented the release of al-
lergic mediators from rat basophilic leukemia cells. We also showed
that human mAbs were able to compete with mouse IgE for the bind-
ing of Ara h 2 and that the cocktail of four mAbs could prevent ana-
phylaxis in vivo in two different mouse models in a dose-dependent
manner. The strength of the mAbs used in this study, is the fact that
they derived directly from allergic individuals, therefore targeting
disease-relevant epitopes on Ara h 2. Most importantly, no steric
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FIGURE 3 Invivo efficacy testing of human-derived anti-peanut mAbs. (A) C3H sensitized (n = 6) mice received a cocktail composed

of four independent anti-peanut IgG1 mAbs (MY-4-1gG1; 5 mg, 250mg/kg body weight) and were challenged 1-3days thereafter.

Body temperature was measured after challenge with hypothermia as an indicator for anaphylaxis. Temperature curves (left) and time-
temperature integrals (AUC; right) are illustrated (one-way ANOVA with Tukey). Sensitized, but untreated mice, (Untr.; n = 6) were used

as positive controls. Non-sensitized and untreated (Non sens. Untr.) mice were used as negative controls. (B) Dose-response analysis in
C3H sensitized mice (n = 40) treated with 0.15-5.0 mg (7.5-250 mg/kg) of the anti-peanut IgG1 cocktail 3days before the challenge. Body
temperature was measured after challenge and shown as AUC (statistical analysis done via one-way ANOVA with Dunnett). Sensitized,

but untreated, mice (Untr.; n = 10) were used as positive controls. (C) Dose-response analysis in C3H sensitized mice (n = 25) treated with
different doses of a cocktail of four anti-peanut IgG4 antibodies (MY-4-1gG4; 0.15-1.25mg, 7.5-62.5 mg/kg). 1IgG4 isotype control (1.25mg,
62.5 mg/kg) is directed against an irrelevant target is used as control. Body temperature was measured after challenge (AUC; one-way
ANOVA with Dunnett). Sensitized but untreated mice (Untr.; n = 5) were used as positive controls. (D) Hypothermia after allergen challenge
was measured in C3H sensitized mice (n = 4) injected with 2.7 mg (135mg/kg) MY-4-1gG1 3 hours (day 0) and 8, 14, and 22 days before
challenge. The concentrations of human anti-peanut IgG (E) and of mouse anti-human IgG1 (F) were measured in C3H mouse serum by
ELISA over a period of 4weeks after the administration of the MY-4-IgG1 antibodies (0.5 mg, 25mg/kg). (G) BALB/c passively sensitized
mice (n = 5) were administered with the cocktail of four antibodies (MY-4-1gG1; 2.5 mg, 125 mg/kg) and challenged on the following day.
Body temperature (left) and AUC (right) are shown (one-way ANOVA with Tukey). Sensitized, but untreated, mice (Untr.; n = 11) were

used as positive controls. Non-sensitized (Non sens.) mice were used as negative controls. Temperature curves and integrated AUC are
represented as mean+SD and mean + SEM, respectively. Antibodies concentrations are expressed as mean and error with 95% CI. **p<0.01,

***p<0.001, ****p<0.0001. ns, non-significant.

hindrance between the mAbs was observed and all antibodies were
able to bind to a single Ara h 2 molecule simultaneously. This ex-
plains the strong additive effect when using a cocktail, compared to
single mAbs. The fact that anti-peanut mAbs derived from peanut-
allergic patients compete with mouse IgE for the binding of Ara h 2
and prevent peanut-allergic reactions in the mouse models suggest
that the epitope coverage is at least partially conserved between
mice and humans. Although humanized mice are often considered

43,44

valuable models that resemble human allergy, our mouse model

was suitable for testing the therapeutic efficacy of anti-peanut
mAbs, overcoming potential pitfalls of humanized mice.*>#¢

Albeit human IgG have the capability to bind murine Fc receptors
with similar affinities,47 we showed that the therapeutic effect of
anti-peanut mAbs was primarily mediated through allergen neutral-

ization and not by the binding of inhibitory FcyRllb, as previously

suggested.40 Indeed, treatment with genetically mutant mAbs un-
able to bind Fc receptors was not inferior to wild-type IgG1 mAbs in
preventing allergic anaphylaxis in mice. However, contrasting results
exist*! indicating that beside allergen neutralization, the low affinity
FcyRllb might have an inhibitory effect, probably at very high con-
centrations of mAbs.*8

Decay of the therapeutic effect was observed in mice 22day
after PIT, most likely due to the species mismatch and the emer-
gence of anti-human antibodies, which caused faster clearance of
administered mAbs.*’ Additionally, these anti-drug antibodies have
the potential to be neutralizing, also negatively influencing the ther-
apeutic efficacy of the cocktail mAbs. In clinical trials, however, the

50,5 suggesting that

half-life of 1gG following PIT were 3-4weeks,
the therapeutic efficacy of anti-peanut antibodies in allergic pa-

tients could last for at least 2months. It is nevertheless known that
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FIGURE 4 Therapeutic efficacy of Fc-mutated 1gG mAbs. (A)
ELISA for the detection of mouse Fcy receptor binding by 1gG1
and Fc-mut IgG1 (IgG1, ) mAbs complexed with Arah 2 (133nM
mAbs +133nM Ara h 2). Uncomplexed IgG1 and Ara h 2 were used
as negative control. (B) C3H sensitized mice received intravenous
injections of a mixture of four anti-peanut IgG1 (MY-4-1gG1; n = 6)
or same lgG1 without Fc-receptor-binding motive (MY-4-1gG1,, ;
n = 6) mAbs (1.25mg, 62.5 mg/kg) prior to i.p. allergen challenge.
Body temperatures upon challenge are illustrated. Sensitized, but
untreated, mice (Untr.; n = 6) were used as positive controls.

anti-drug antibodies can be triggered even by fully human antibod-
ies,>? but avoiding impurities in the formulation process, an appro-
priate evaluation of mAbs dosage as well as the number of injections
are fundamental parameters that can be controlled in order to re-
duce antibodies immunogenicity.52 To date, more than 70 antibody-
based treatments are on the market, and many more are in different
stages of clinical trials.’>>3

The only approved treatment for peanut allergy is oral immu-
notherapy (OIT), during which small amounts of allergens are ad-
ministered orally in order to induce peanut tolerance'* including
reduced allergen-specific IgE and increased allergen-specific I1gG
levels, especially 1gG4.1>5% 1gG4 has become an important focus in
allergy research,’® already proven effective in blocking the interac-

E,56 and associated

57,58

tion between aeroallergens and FceRI-bound Ig
with recovery from milk allergy and tolerance to egg proteins.
Hence, although PIT in mice using the IgG1l subclass protected
against anaphylaxis, future therapeutic approaches will most likely
be using the IgG4 subclass for treatment of allergy. In the current
study, a single PIT with 1gG4 was non-inferior to therapy with IgG1
in mice. It should be noted that IgG4 has certain characteristics that
confer stronger anti-inflammatory properties compared to other
IgG subclasses, leading to immune tolerance.’~% 1gG4 are unable
to fix the complement system, avoiding its uncontrolled activation
with an exacerbation of local or systemic inflammation causing in-
appropriate tissue damage.®>%® Hence, an antibody-based therapy

to treat allergies will most likely be based on the 1gG4 subclass.

4 and

Not all patients undergoing peanut OIT develop tolerance,
15%-20% of the patients have OIT-triggered persistent gastrointes-
tinal symptoms with an elevated risk of developing adverse reac-
tions including anaphylaxis.”¢® Given these concerns regarding the
safety of OIT or other AlTs,*’ prophylactic therapeutic administra-
tion of peanut-specific IgG antibodies can be considered a promising
approach in the treatment of peanut allergy.

In conclusion, we demonstrated that fully human anti-peanut
mADbs, cloned from B cells of peanut-allergic patients, are functional,
can bind and neutralize peanut allergens, and be effective in the pro-
tection from allergic anaphylaxis in vivo. In the applied mouse model,
therapeutic effect were achieved at doses of less than 10 mg/kg,
corresponding to 600-800mg in humans. This is similar to clinical
doses used in trials with anti-Bet v 1 mAbs?’ and approved for many
checkpoint or growth factor inhibitors. Nonetheless, due to the spe-
cies differences, it is expected that effective doses in human are on
average 12 times lower,”® which will have both safety and health
economic impact for a chronic treatment. Finally, even if peanut al-
lergy is driven by multiple allergenic proteins, we showed that tar-
geting the dominant allergen with mAbs abrogates anaphylaxis in
preclinical mouse models of peanut allergy. These findings may pave
the way for mAb PIT as a new clinical option for patients with diffi-
cult or untreatable allergies.
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